During exocytosis of dense-core secretory vesicles (trichocysts) in Paramecium, the protein pp63/parafusin (pp63/pf) is transiently dephosphorylated. We report here the structures of two crystal forms of one isoform of this protein which has a high degree of homology with rabbit phosphoglucomutase, whose structure has been reported. As expected, both proteins possess highly similar structures, showing the same four domains forming two lobes with an active-site crevice in between. The two X-ray structures that we report here were determined after crystallization in the presence of sulfate and tartrate, and show the lobes arranged as a closed and an open conformation, respectively. While both conformations possess a bound divalent cation, only the closed (sulfatebound) conformation shows bound sulfate ions in the``phosphate-transfer site'' near the catalytic serine residue and in the``phosphate-binding site''.
Introduction
Among systems with dense-core vesicle exocytosis, the ciliated protozoan Paramecium operates faster and more synchronously 1 than any other cell. 2 In response to the polyamine secretagogue aminoethyldextran (AED), Paramecium releases almost all of its up to 1000 specialized secretory organelles (trichocysts) within 80 ms, as determined by quench-¯ow analysis. 1, 3 This involves activation of a Ca membrane fusion and content release, all within 80 ms, followed by endocytotic membrane resealing during $350 ms. 3 Although CaSR and SOCtype mechanisms are known from widely different cell types, 7, 8 important details concerning this signal transduction pathway have remained obscure.
During the 80 ms required for all exocytotic events in a cell suspension, there occurs the dephosphorylation of a 63 kDa phosphoprotein, pp63/ parafusin (pf). 9 This is observed only in exocytosiscompetent strains, although all strains analysed contain phosphorylated pp63/pf, even nondischarge mutants, 10 regardless of their widely different molecular defects.
11 Surprisingly, pp63/pf isolated from Paramecium displayed phosphoglucomutase (PGM, EC 5.4.2.2) activity. 12 PGM mediates transfer of a phosphate group between the C-1 and C-6 atoms of the glucose molecule before delivery into the glycolytic pathway.
In P. tetraurelia, there are at least two isoforms, pp63/pf-1 and pp63/pf-2. Both are likely to be expressed in vivo, and both have been sequenced and expressed as recombinant (non-phosphorylated) proteins in Escherichia coli. 13, 14 The fact that pp63/pf-2 shows lower PGM activity than pp63/ pf-1 (unpublished results) is surprising, since the two isoforms differ at only seven positions on the amino acid level, four of which represent conservative exchanges. 13 There is evidence of multiple phosphorylation of the two isoforms in vivo, by at least two different kinases. 14 The crystal structure of the PGM from rabbit muscle, phosphorylated at the active-site serine residue, has been published. 15 The two crystallographically independent monomers are similar, and can be superimposed with a root-meansquare-displacement (rmsd) value of 0.71 A Ê (C a atoms).
We report here the crystal structures of pp63/pf-1, unphosphorylated at the active-site serine residue, in complex with and without sulfate. As in the rabbit PGM crystals, both structures contain two crystallographically independent monomers that can be superimposed with low rmsd values. However, the structures with and without sulfate reveal a large conformational difference, and none of the two conformations resembles that of rabbit PGM.
On the basis of the crystal structures of the pp63/pf-1, we now try to set a baseline for several questions. (i) Can the new conformations observed in pp63/pf together with the existing PGM structure help to explain the catalytic cycle? (ii) How do the phosphorylation sites, as determined by matrix-assisted laser deionisation (MALDI) analysis, 14 map onto the structure of pp63/pf? (iii) Does the structure of pp63/pf-1 indicate a mechanism of activity regulation by phosphorylation? (iv) What kind of dimers are to be expected, considering occurrence of dimers in Western blots from cortical calcium stores (alveolar sacs)? 16 These aspects are important for de®ning a functional role in exocytosis for the observed rapid dephosphorylation of pp63/pf-1 in exocytosis-competent cells.
Results
Structure of pp63/pf-sulfate and comparison with the structure of rabbit PGM Two different crystal forms of recombinant pp63/pf-1 (63,800 Da) were obtained, pp63/pfsulfate in the presence of 0.2 M ammonium sulfate and pp63/pf-tartrate in the presence of 0.2 M sodium tartrate. Although both crystal forms belong to the same space group (P2 1 2 1 2 1 ) with two monomers per asymmetric unit (ASU), they exhibit grossly different unit cell constants ( Table 1) .
The structure of the sulfate crystal form was solved by molecular replacement using rabbit PGM as a search model. 15 As expected from the 50 % identity of residues of the search model with pp63/pf-1, the structure of the latter was very similar, showing the same overall V-shaped bilobal structure with approximate dimensions of 70 A Ê by 60 A Ê by 35 A Ê (Figure 1(a) ) and the same four domains, I-IV, formed by residues 1-203, 204-322, 323-442 and 443-572 of pp63/pf-1, respectively. Equivalent domains of both proteins share common secondary structure elements and the same topology. Domains I-II together form a large lobe and domains III-IV a smaller lobe. Domain IV interacts with the concave face of its b-sheet with domain III. Figure 1(b) shows a structural alignment of both proteins using the abbreviations for secondary structure elements and loops introduced by Liu et al.
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The active-site cleft
The cleft between the two lobes forms the catalytic binding site for phosphoryl group transfer, which contains the catalytical Ser126 followed by His127 and Asn128 in the loop P of domain I in an arrangement reminiscent of the catalytic triad of serine proteases. 17, 18 A close-up of the structure with details of the electron density map is shown in Figure 2 (a). The distance between Ser126 O g and His127 N d2 is 2.7 A Ê . Asp310, Asp312 and Asp308 from loop M of domain II interact with the divalent cation, which is also near the catalytically active serine residue. Trp375 from domain III may be instrumental for providing a stacking interaction with the glucosyl group, as found in many binding sites for carbohydrates 19 ( Figure 2(b) ). This active site is highly conserved in sequence and structure in both proteins, including the bound divalent cation. Under physiological circumstances, it is very probably Mg 2 , as this ion establishes the highest PGM activity in vitro (unpublished results; and see Ray et al, 20 ), but re®nement of the structure showed that a more electron-dense divalent ion results in slightly better R-factors. For this reason, we have tentatively modeled the bound ions as Ca 2 and Zn 2 in the pp63/pf-tartrate and the pp63/pf-sulfate structure, respectively. However, Ni 2 and Mn 2 would ®t the data equally well.
Several differences between the structures of pp63/pf-sulfate and of rabbit PGM are also noteworthy. Domains III-IV, which form the small lobe, associate differently with the domain I-II lobe and are relocated relative to the latter. This can be deduced from the rmsd values of overlays of the two lobes from both protein molecules of the asymmetric unit with the overlay of the whole proteins ( Table 2 , the last three columns in the second line). Roughly, in pp63/pf-sulfate the angle between the two lobes is smaller, resulting in a narrower active-site cleft. Interestingly, Liu et al., 15 when comparing the two PGM molecules in the asymmetric unit, have also seen a subtle rearrangement of domain IV relative to domains I-III. In particular, those authors report a signi®cant difference in the conformation of loop A between the two monomers, rendering one monomer more open than the other. The sequence of this loop is conserved in both pp63/pf isoforms and in rabbit PGM (see Figure 1(b) ). In our structure, this loop The numbers in parentheses are statistics from the highest shell. a De®ned as described. For the rabbit PGM structure, the coordinates with accession number 3PMG deposited in the PDB bank were used. The rmsd values were calculated with LSQMAN 51 by using the domain de®nitions I 2-203 for pp63/pf-sulfate and 3-203 for pp63/pf-tartrate, II 204-322, III 323-442, IV 443-572, I-II 1-322, III-IV 323-572, I-IV 1-572 and superimposing chain A of the two pp63-pf-1 crystal forms against each other and with chain A of rabbit PGM, or chain A with chain B for the comparisons within each dimeric structure. In those entries of the Table where a number is given in parentheses, this number refers to the number of superimposed C a atoms after using the`improve' option of LSQMAN with a distance cutoff of 3.8 A Ê . In all other cases, all C a atoms in the domain were used. has adopted a signi®cantly different conformation, which allows for the narrowing of the active-site cleft compared to PGM without steric overlap with domain I. Thereby, loop A interacts directly with a segment on domain I (residues 23-27 between 1 and 2) for which we use the term latch ( Figure 1(a) ).
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As a further difference, the phosphoserine residue found in the active site of PGM is replaced by a serine residue in pp63/pf-sulfate. An electron density peak 4.1 A Ê from the Ser126 O g is too far away to represent a phosphoryl group of phosphoserine. As the crystals were obtained in the presence of sulfate, it was modelled by us as sulfate-1. Three of the sulfate-1 oxygen atoms are about 4.5 A Ê apart from the serine oxygen atom and one is only 1.9 A Ê away from the divalent cation ( Figure 2(b) ). This sulfate-1 seems to occupy the proximal or phosphate transfer subsite. 15 Additional electron density is found in the activesite cleft between the catalytic serine residue with a particularly distinct peak near loop A. From its location near loop A, the molecular species there seems to occupy the distal or phosphate binding subsite. 15 As the density is found in the region where the substrates glucose 1-phosphate, glucose 6-phosphate and glucose 1,6-diphosphate are expected to bind, we assume that another sulfate ion has bound to the phosphate sites and thus we modeled the electron density peak as sulfate-2 ( Figure 2 (a)) in accordance with Liu et al. 15 Kuser et al. 21 also found a sulfate bound in hexokinase at the site where a phosphate was found in another conformation. Figure 2 (b) shows the hydrogen bonding pattern of the two sulfate ions with partners. Arg27 and Ser24 are 8.7 A Ê and 3.9 A Ê apart from sulfate-1, respectively.
Another difference between pp63/pf-1 and rabbit PGM is in a 19 residue long peripheral surfaceexposed segment after the ®rst helix 34 of domain IV, which in PGM forms a loop containing the element termed F1 by Liu et al. 15 In pp63/pf-1, one part of this segment forms a kink in helix 34 and a subsequent short continuation of the helix (termed 34a by us) and another segment is absent, so that helix 34 is connected more closely with strand 35 (Figure 1(b) ).
Comparison of the structures pp63/pf-sulfate and pp63/pf-tartrate
The structure of the pp63/pf-tartrate crystal form was solved by molecular replacement. While the structure of each of the four domains was rather similar to pp63/pf-sulfate, some rather signi®cant differences became apparent when looking along the short axis of the molecule, i.e. the viewing direction of Figure 1(a) . Domains I and II appear as a rigid scaffold, which is almost invariable. The domain IV lobe is attached with its con- and protein residues with distances indicated in A Ê . Sulfate-1 is close to the following residues: Ser126 and His127, which are part of loop P in domain I; Asp308 , Asp310, Asp312 and Arg313, which are part of loop M between strands 21 and 22 of domain II; Lys 405, which is in a loop between strand 30 and helix 31 in domain III. Sulfate-2 is close to Arg515 and Arg527, which enclose loop A of domain IV. In this loop, the residues Ser517, Gly518, Thr519 are close to sulfate-2.
cave b-sheet facing to domain III. It is both relocated and tilted with its tip away from domain I by approximately 5 A Ê , thus opening the cleft and increasing the angle between the two lobes ( Figure 3) . The conformational differences resemble those between pp63/pf-sulfate and PGM, but the displacements of domain IV relative to domains I-II are about twice as large.
The close association of loop A with the latch segment seen in pp63/pf-sulfate is entirely dissociated in pp63/pf-tartrate (Figure 3 ), so that residues from both loops have increased wateraccessibility. Loop A undergoes the largest conformational transition in this movement. We have compared the water accessible surface of residues in pp63/pf-tartrate with pp63/pf-sulfate. Table 3 shows that in the latter, Thr23 and Arg27 of the latch segment and Asp493, Thr519 and Ser521 of loop A are partly sequestered from contact with water, as can be seen in Figure 3 . The loop thus undergoes a strong conformational change relative to the rest of domain IV, continuing the abovementioned trend seen between the structures of pp63/pf-sulfate and rabbit PGM. Domain III is also affected by the conformational change. This domain seems to be connected to domain IV. One noteworthy connection is a hydrogen bond between Thr373 OG1 from domain III (phosphorylated when pp63/pf-1 is isolated from cells) and Arg515 NH2 in domain IV, which is found in both crystal structures.
pp63/pf-tartrate shows density for the divalent cation near the catalytic serine residue, but does not show additional density in the active-site cleft as found in pp63/pf-sulfate, thus indicating that tartrate does not bind to the two sulfate-binding sites. Therefore, it is tempting to ascribe the energetics of the conformational transition to the electrostatic energy contribution of the sulfate ions. Indeed, sulfate-2 occupies a strategic position within a triangle formed by three arginine residues, Arg313 from domain II and Arg515 as well as Arg527, both from domain IV (Figure 2(b) ). The latter two enclose the loop A segment (residues 518-524, see Figure 1(b) ). The distances between these arginine residues decrease by 2.1 A Ê , 2.8 A Ê and 2.3 A Ê , respectively, when comparing pp63/pftartrate with pp63/pf-sulfate. The sulfate-2 ion thus may act as a clip relocating domain IV and its loop A towards domain I. Surprisingly, Liu et al., 15 when substituting ammonium sulfate for PEG, did not observe a destruction of the crystals or any change in the crystal structure, although a sulfate ion obviously had occupied the distal phosphate-binding subsite. The intermediate PGM conformation, which persisted in the absence of divalent ions during crystallization, thus may have been stabilised by crystal-lattice forces. We thus presume that, while the binding energy of this ion favours the closed pp63/pf-sulfate conformation in solution, it does not suf®ce to do so in the PGM crystal lattice.
In summary, these results show that phosphoglucomutases can adopt larger and smaller interlobal angles than those reported for the rabbit PGM structure, revealing an open conformation in pp63/pf-tartrate, a closed conformation in pp63/ pf-sulfate and an intermediate conformation in rabbit PGM.
The dimer
Western blots 16 and dynamic light-scattering studies (unpublished results) indicate the existence of pp63/pf-1 dimers. We therefore looked for plausible dimers in the crystal structure.
The ASU of both crystal forms contains an identical dimer structure with the domain I from two monomers apposed to each other, related to each other by a non-crystallographic 2-fold axis. This dimer possesses the largest surface buried from solvent among the dimers of the two crystal forms (2231 A Ê 2 ). According to Janin, 22 a buried surface larger than 900 A Ê 2 may indicate that the dimer is stabile in solution.
The interface is formed by apposition of the surface loops between strands 13 and 14 (domain I), helix 4 and strand 5 (domain I), strand 10 and helix 11 (domain I), helix 8 and strand 9 (domain I), helix 28 and strand 29 (domain III) and loop F2 (domain IV) of one molecule and and the symmetry-related corresponding loops of the apposed molecule. In the view shown in Figure 1 (a) all these loops are on the rear surface. The interface contains salt-bridges and immobilised solvent molecules but no apparent clustering of hydrophobic residues.
Discussion
The two crystal structures of the Paramecium pp63/ppf-1 together provide strong evidence against a non-enzymatic regulatory role in trichocyst exocytosis. Exclusively, such roles have been ascribed to this protein during exocytosis regulation. 23 ± 25 We can now endorse a role for the protein on the basis of its phosphorylation-modulated PGM activity. When the recombinant forms were tested, pp63/pf-1 had PGM activity comparable to that of rabbit muscle, 13 while pp63/pf-2 PGM had a somewhat lower activity (unpublished results).
Outlines of a possible reaction mechanism
The existence of three rather different conformations found in crystals structures of pp63 and rabbit PGM, i.e. pp63/pf-tartrate and pp63/pf-sulfate in this work and rabbit-PGM in Liu's work, represents a new challenge to deduce the events of the PGM-catalysed reaction from structure. As phosphate-binding sites can be occupied by sulfate ions, 26 and as the guanidinium groups of arginine residues are preferred interaction sites for them, 27 the structure of pp63/pf-sulfate appears to possess functional relevance. A valid mechanism must incorporate the fact that the transfer of the phosphoryl group between the C-1 O and the C-6 O atoms of glucose operates only after the active-site serine residue has been phosphorylated in the presence of glucose 1,6-diphosphate. 28 This indicates that the phosphorylation of the active-site serine residue by monophosphorylated glucose is unfavourable. We therefore presume that the phosphoryltransfer at the transfer subsite requires the presence of a phosphate group at the distal phosphate-binding site and we presume that the protein then is in a conformation similar to that of the pp63/pf-sulfate crystal structure.
The phosphoryl transfer from C-1 to C-6 could take place in two consecutive reactions. In a ®rst reaction, the phosphoryl group of the active-site serine residue could be transferred to the 6 position of Glc 1-P which would be bound by its phosphate group to the distal binding site. The enzyme then would assume a more open conformation, possibly similar to the PGM crystal structure, which does not allow for dissociation of the substrate glucose diphosphate but allows for rearrangement so as to position the 1-phosphate group in the transfer site and the 6-phosphate group in the distal binding site. When this has been achieved, the protein may again assume a more closed conformation, similar to that of the pp63/pf-sulfate structure, to establish the cleavage of the phosphorylester bond with the C-1 O atom. Finally, the protein might assume a conformation similar to that of the pp63/pf-tartrate crystal structure, which allows for dissociation of the product.
Regulation of activity by phosphorylation
Although a precise function of the de-/re-phosphorylation cycle remains to be established, we know from MALDI-type mass spectrometry of Paramecium pp63/pf that this molecule is multiply phosphorylated in vivo 14 and that transient dephosphorylation of pp63/pf is observed during trichocyst exocytosis. 9, 10 Presently it has not been proved that the physiological phosphorylation state controls PGM enzymatic activity, but this appears highly probable on the basis of our present results.
In principle, three mechanisms can be envisaged: (i) steric inhibition of the ligand-binding site by phosphorylation; (ii) phosphorylation at sites critical for the conformational transitions taking place during the catalytic cycle; and (iii) allosteric inhibition or activation of the two above-mentioned processes by phosphorylation sites far from the active site. All of these mechanisms have been reported in enzymes. 27, 29 In detail, Thr23 on the latch (Figure 3) , which is partly sequestered from solvent upon sulfate binding, is among the phosphorylated residues. Thr373 of domain III, hydrogen bonded to Arg515 in domain IV (N-terminal to loop A) in both conformations, is phosphorylated in native pp63/pf. We presume that the disruption of the hydrogen bond might reduce if not abolish the enzymatic activity. Thr24 of domain I close to Ser126 is phosphorylated in native pp63/pf. The introduction of two negative charges close to the active site likely interferes with the binding of substrates to the active site and with associated conformational changes ( Figure 3 ). Loop A may be affected allosterically due to two¯anking arginine residues, Arg515 and Arg527. The location of Thr371 suggests a similar role (Figure 3 ). Thr145 of domain I is partly buried upon sulfate binding with Asp383 from domain III. The phosphorylation of the former residue thus could interfere sterically with the conformational transition and affect the activity.
Cell biological background
As mentioned above, pp63/pf-1 dephosphorylation is strictly coupled to exocytosis (rapidly followed by endocytosis), so that pp63/pf seems to be involved in the regulation of these processes. Moreover, pp63/pf-1 is enriched in the Paramecium cortex according to immuno-gold labelling and Western blots from cell fractions, which also revealed some degree of structure binding. 16 The labelled sites include preformed exocytosis sites and the surface of surrounding subplasmalemmal Ca 2 stores (alveolar sacs). These display several features reminiscent of sarcoplasmic reticulum (SR) of skeletal muscle cells, 4, 5 including Ca 2 -release channels sensitive to caffeine and 4-chloro-m-cresol, i.e. of the ryanodine-receptor type. According to quenched-¯ow and X-ray microanalysis, these stores are activated within 80 ms in response to AED, 30 thus inducing a store-operated Ca 2 -in¯u-x. 5 The time required for both, exocytosis and pp63/pf dephosphorylation is 80 ms. 9 In conclusion, what could be the physiologic function of pp63/pf ? One speculative aspect would be Ca 2 binding due to the multiple phosphorylation sites of pp63/pf-1. However, the phosphoglucomutase activity and the conformational changes we found give a strong hint that this catalytic performance and its regulation plays a functional role in the exocytosis events in Paramecium. The structural data further indicate that dephosphorylation by rendering the protein more similar to rabbit PGM should increase PGM activity. In this activated form, pp63/pf-1 could stimulate glycolysis, which in turn would stimulate respiration, thus providing energy for events accompanying exocytosis, e.g. to re-establish Ca 2 homeostasis. In fact, in Paramecium, stimulated exocytosis is accompanied by a signi®cant ATP decay, followed by replenishment of the ATP pool, 31 the timecourse being comparable to that of pp63/pf deand rephosphorylation. A possibly similar situation may exist after muscle contraction when glycogenolysis and glycolysis may be of paramount importance 32 ± 34 for Ca 2 transport. Indications exist that glycolytic enzymes are enriched in the small space between SR and plasmamembrane, 35 and in such narrow spaces ATP is regulated independent of bulk ATP. 36, 37 Similarly, the space between alveolar sacs and the plasmamembrane in Paramecium is only $15 nm wide. 38 Immediately below in the Paramecium cell cortex, mitochondria are enriched, 4 as is pp63/pf-1.
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In order to focus more carefully on the cytoplasmic ATP concentration or energy charge of the cell, we used our previously published (and some unpublished) data obtained with exocytosis-competent (exo ) and exocytosis-incompetent (exo À ) strains. These phenotypes are related to the role of pp63/pf as dephosphorylation occurs only in exo strains, 11 although the content of pp63/pf is very similar in all strains. In Table 4 , we include all data on the extent of pp63/pf dephosphorylation 11 and ATP consumption and re-establishment of ATP homeostasis 31 during AED stimulation. It is seen that the strains contained in these two groups contain approximately the same amount of pp63/pf with a similar degree of phosphorylation, although only exo group members dephosphorylate pp63/ pf to any signi®cant extent, i.e. 50 to 66 %. Upon AED stimulation, the time required to replenish 50 % (or 100 %) of the ATP pool depletion is much shorter in exo than in exo À strains, i.e. 10.5 to 12.0 seconds (or $30 s) in exo versus 28.5 to 58 seconds (or >60 seconds) in exo À cells. The exo and the exo À group, respectively, each contains one strain with an unusually low basal concentration of ATP, namely strain K401 and nd9-28 C, and both have to re®ll the highest ATP decay, i.e. 24.6 and 26.9 %, respectively. Nevertheless, the ATP recovery times are stereotypically the same for all exo and exo À strains, respectively, and depend only on whether PP63/pf is dephosphorylated.
These observations are in accord with our suggestion that pp63/pf de-/rephosphorylation cycles may boost the synthesis of ATP, whose dramatic shortage may otherwise compromise cells. The actual phosphorylation state of pp63/pf would, of 10 ATP dynamics data are mostly from Vilmart-Seuwen et al., 31 whereby strain nd9-18 C has been omitted because of unusual culture temperature, while strain tam38 was omitted because (ATP) measurements had given no statistically signi®cant results. The dephosphoylation data are from Zieseniss & Plattner.
11 All strains contain pp63/pf in phosphorylated form (normalized to to the value determined for 7S cells in unstimulated form, 1.00), the degree of its phosphorylation varies only slightly between the strains (between 0.86 and 1.21), and this variation is independent of exocytosis competence.
a Normalized to values for 7S, 1.00 1.2 mM ATP. b Values of (ATP) observed at its lowest level, following three to six seconds of AED stimulation time. c Maximal de-phosphorylation observed within one to ®ve seconds of AED stimulation.
course, be the result of dynamic de-and rephosphorylation processes, and the observed net reaction is partial dephosphorylation. Due to the different phosphorylation sites, several different kinases must be involved, rendering it dif®cult to construct an in vitro model system. Additional aspects, also concerning Ca 2 homeostasis, may be envisaged. PGM has been found in association with SR, 39, 40 where it was suggested to regulate the opening state of Ca 2 -release channels depending on its phosphorylation state. In Paramecium cells, dimers of pp63/pf have been observed in Western blots from cortex fragments 16 and in vitro DLS data as well as the crystal structure provide further indications for dimer formation. In studies with yeast, Fu et al. 41 have studied the effects of PGM on Ca 2 homeostasis in the cytoplasm of Saccharomyces cerevisiae and on uptake into intracellular Ca 2 stores. They used wild-type cells and a mutant de®cient in one of the two major PGM isoforms of these cells. The uptake of Ca 2 into the yeast cell, the ER and the Golgi indicated that glycolysis is co-regulated with Ca 2 transport and homeostasis. Glc 1-P may be a precursor of an unknown signal molecule that stimulates Ca 2 -uptake into the cell with or without prior depletion of the ER and Golgi Ca 2 -stores, as discussed by the above-mentioned authors. Another aspect worth considering is that, in a less active state, phosphorylation of several super®cial residues of the PGM molecule could serve positioning in the cell, 42 in this case, in its cortex. 16 Different roles of PGM could be in accord with our ®ndings, although major functions and molecules of this regulatory system are unknown. This co-regulation of glycolysis and Ca 2 -transport would, in turn, be controlled on a higher level by phosphorylation of pp63/pf. To summarize, on the basis of data concerning localization, PGM activity and molecular structure, we assume an active role of pp63/pf, which is modulated during stimulated exocytosis by de-and rephosphorylation, in the context of Ca 2 signaling. Even though different mechanisms can be envisaged in detail, we underscore the energetic aspect and, thus, set a new baseline for future experiments. We assume that the strict correlation of the phosphorylation state with exocytosis performance is more than circumstantial.
Materials and Methods

Protein expression and purification
The overexpression and puri®cation of recombinant, non-phosphorylated pp63/pf-1 has been reported. 13 For crystallization experiments, the protein was dialysed against 20 mM Tris-HCl (pH 7.5) buffer and concentrated to 10 mg/ml.
Crystallization and data collection
Two crystal forms of pp63/pf-1 were obtained by vapor diffusion in hanging drops. For each droplet, the protein solution (15 ml) was mixed with 5 ml of reservoir solution, containing 18 % (v/v) polyethylene glycolmonomethylether (PEG-MME) 2000 and 0.2 M ammonium sulfate in 0.1 M sodium acetate (pH 4.6) for the crystal form pp63/pf-sulfate, or 0.2-0.4 M sodium tartrate instead of ammonium sulfate for the crystal form pp63/pf-tartrate. The reservoir volume was 250 ml. After 10-14 days small crystals were visible and reached their ®nal size of 700 mm Â 300 mm Â 300 mm after three to four weeks. Crystals were transferred to a cryoprotectant solution containing 20 % glycerol, 20 % PEG-MME, 0.1 M sodium acetate and either 0.1 M ammonium sulfate in the case of the pp63/pf-sulfate crystals or 0.1 M sodium tartrate in the case of pp63/pf-tartrate crystals), at pH 4.6 in either case, and frozen in liquid nitrogen.
Data from both crystal forms were collected on a home-based rotating anode and on the EMBL beamline BW7B at DESY (Hamburg), respectively. Both crystal forms are orthorhombic and belong to spacegroup P2 1 2 1 2 1 , with two molecules per ASU (Table 1 ), but different cell axes.
Structure determinations, model building, and refinement
The structure of pp63/pf-1 was solved by molecular replacement. The structure of rabbit muscle PGM (PDB code: 3PMG) containing a covalently bound phosphate group and a Mg ion at the catalytic site, was used as a search model for the pp63/pf-sulfate data. The rotation function of the sulfate crystal form was calculated by the program BRUTELL, 43 and R. Read, unpublished. The highest rotation function solution was unambiguous; it stood out at 4.6 s above the mean value. The translation function was obtained by CNS. 44 A model with the correct sequence was obtained by SWISS-MODEL 45 and it was transferred, using SUPERIMPOSE, 46 to the orientation and position found by molecular replacement. The re®nement was started at an R free value of 49.9 %. The structure of pp63/pf-tartrate was solved by molecular replacement, using the structure of the re®ned pp63/pfsulfate crystal form.
Model building was performed using the program O 47 according to j3F obs À 2F calc j and jF obs À F calc j maps. Ramachandran plots were used for examination of the geometry. 48 Cycles of structure re®nement were carried out using CNS. Non-crystallographic symmetry restraints were set for each domain after optimizing domain borders by the program NCSGROUPS (K.D., unpublished). Water molecules were built into the model at sites with >2.5 s peaks in electron density.
Protein Data Bank accession codes
Both models comprise residues 3-572 of native pp63/ pf-1. The structure of the pp63/pf-sulfate crystal form contains in addition one divalent cation modelled as a Zn 2 , two sulfate ions and 205 water molecules. The structure of the pp63/pf-tartrate crystal form contains a divalent cation modeled as Ca 2 and 57 water molecules. The coordinates have been deposited in the RCSB Protein Data Bank (PDB accession codes 1KFI and 1KFQ).
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